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Megavesicles Implicated in the Rapid Transport
of Intracisternal Aggregates
across the Golgi Stack
(Rothman and Wieland, 1996; Glick and Malhotra, 1998;
Pelham, 1998; Allan and Balch, 1999).
Consistent with vesicle transport, coatomer-coated
(COPI) vesicles bud from the cisternae at every level of
the stack, and about half of these buds and vesicles
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tain cargo expected to return to the ER (Orci et al., 1986,New York, New York 10021
1989, 1997; Ostermann et al., 1993). While this data²Department of Morphology
meets the predictions of anterograde transport by COPI
University of Geneva Medical School vesicles, it does not prove this model because the seem-
1211 Geneva 4 ingly counterintuitive possibility that the anterograde
Switzerland cargo containing COPI vesicles move exclusively back-
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Cambridge, Massachusetts 02139 These data provide no impetus to postulate cisternal
progression, nor do they speak against this possibility.
The observation that scales secreted by certain algae
can sometimes fill entire cisternae constitutes evidenceSummary
for cisternal progression (Melkonian et al., 1991), but
does not prove this model because the mature scalesEngineered protein aggregates ranging up to 400 nm
are only seen in Golgi stacks comprised of many sac-in diameter were selectively deposited within the cis-
cules in which the first several (corresponding in numbermost cisternae of the Golgi stack following a 158C
to typical Golgi stacks) are free of scales; vesicle trans-block. These aggregates are much larger than the
port between static cisternae could occur here. Evi-standard volume of Golgi vesicles, yet they are trans-
dence that resident Golgi glycosyltransferases may beported across the stack within 10 min after warming
concentrated in COPI vesicles formed in vitro (Lanoix
the cells to 208C. Serial sectioning reveals that during et al., 1999) meets another prediction of cisternal pro-
the peak of anterograde transport, about 20% of the gression/maturation (Glick et al., 1997). However, this
aggregates were enclosed in topologically free ªmega- possibility is also consistent with vesicle transport and
vesiclesº which appear to pinch off from the rims of the in any case this conclusion cannot be confirmed by
cisternae. These megavesicles can explain the rapid localization studies in vivo (Orci et al., 2000).
transport of aggregates without cisternal progression Much current interest has focused on the possible
on this time scale. anterograde transport of aggregates larger than COPI
vesicles. For if such aggregates are transported (as dis-
tinct from being degraded in situ) without entering someIntroduction
kind of megavesicle, then a cisternal progression on the
time scale of this transport can reasonably be inferred.Certain proteins form aggregates or assembly interme-
The first direct evidence that aggregates are indeeddiates within the lumen of multiple Golgi cisternae
transported came from elegant pulse-chase electron(Claude, 1970; Clermont et al., 1993; Dahan et al., 1994)
microscopy experiments concerning freshly synthe-that can be much larger than the standard 70±90 nm
sized procollagen (Bonfanti et al., 1998). The majoritydiameter COPI transport vesicles that normally bud from
(70%) of the aggregates of procollagen (z320 by z170these compartments (Orci et al., 1986, 1997). The ques-
nm) were located near the rims of the cisternae but onlytion naturally arises as to how these particles could
a minor fraction (2%) protruded from the rims of thetraverse the Golgi stack.
cisternae and no megavesicles could be detected inIn principle, there are two nonexclusive possibilities:
extensive serial sectioning studies (Bonfanti et al., 1998).suitably large transporting vesiclesÐªmegavesiclesºÐ
These data suggest that cisternae do progress on thecould form in response to the presence of intralumenal
time scale of procollagen transport but do not excludeparticles, perhaps conforming to their contours and en-
a parallel pathway of anterograde transport by COPIgulfing them in a budding or a fission process. Alterna-
vesicles.tively, the particles need not enter vesicles if the cister-
In fact, transport of procollagen aggregates is muchnae move across the stack. The detailed features and
slower (a few hours) than transport of other proteinsrequirements of cisternal progression and closely re-
across the Golgi (which require 10±20 minutes), as waslated cisternal maturation models can be found in re-
recently directly confirmed by Bonfanti et al. (1999) in
views (Glick et al., 1997; Glick and Malhotra, 1998; Pel- the same cell. This suggests that cisternal progression
ham, 1998; Allan and Balch, 1999). is too slow to account for the transport of most proteins.
These alternatives mirror the current debate as to More rapid transport is presumably due to a predomi-
whether anterograde transport in general is due to vesi- nant COPI vesicle transport pathway. While the vesicle
cles budding and fusing between static (on the time pathway appears more robust in animals, a maturation
scale of transport) cisternae or to wholesale movement pathway likely predominates in budding yeast, which
of the cisternae themselves, or a combination of both can lack a stacked Golgi (Pelham, 1998).
Here we utilize a novel technique (Rivera et al., 2000)
that allows the selective deposition of artificially con-§ To whom correspondence should be addressed (e-mail: j-rothman@
ski.mskcc.org). trolled protein aggregates in the lumen of cis or trans
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the lumen of the endoplasmic reticulum (ER); the signal
peptide is expected to be cleaved off during or immedi-
ately after translocation, releasing the remainder of the
hybrid protein now starting with GFP. The furin cleavage
site is designed to result in the release of the native, full-
length human growth hormone (hGH) when the hybrid
protein reaches the last, trans-most cisternae of the
Golgi stack where this protease is located within the
Golgi (Denault and Leduc, 1996). The purpose of the GFP
is to allow the intracellular fate of the hybrid protein to
be monitored by fluorescence microscopy up to and
including the Golgi, and the fate of the GFP-(FKBP*x4)
fragment to be followed thereafter.
Expressing this construct in cells should result in the
synthesis and translocation of the encoded hybrid pro-
tein into the lumen of the ER followed by secretion from
the cell, provided that the protein is folded and soluble
(Figure 1B). This condition should be met when theFigure 1. Sketch of the GFP-FKBP*-hGH Hybrid Protein and its In-
growth medium contains sufficient cell-permeant ligandtracellular Localization/Aggregation under Various Conditions
for FKBP*; for this purpose we have employed a syn-(A) Diagram of the FKBP*-containing hybrid protein. For a detailed
thetic ligand, AP21998, which binds FKBP* with a Kd ofdescription, see Results section. Abbreviations: SS (growth hor-
z1 nM (Clackson et al., 1998; Rollins et al., 2000).mone signal sequence), EGFP (enhanced green fluorescence pro-
AP21998 is available upon request from ARIAD Pharma-tein), FKBP* (FK506 binding protein [F36M]mutant), FCS (furin cleav-
age signal), hGH (human growth hormone). ceuticals, Cambridge, MA (www.ariad.com). The term
(B±E) Localization and aggregation of the FKBP*-containing protein ªligandº as used throughout this paper refers to the
under the conditions outlined in the figure. See Results for a more compound AP21998.
detailed description. If ligand for FKBP* is absent during and after protein
synthesis, the hybrid protein can now aggregate in the
ER (Figure 1C). If the ligand is present during proteinGolgi cisternae. Surprisingly, in light of the study of Bon-
synthesis and is removed at a later time, then aggrega-fanti et al. (1998), we observe rapid transport of aggre-
tion can be initiated selectively within later compart-
gates across the stack and the concomitant appearance ments of the secretory pathway. Two well-established
of megavesicles containing these aggregates. This sug- temperature blocks can be employed for this purpose.
gests that aggregates that can induce megavesicles are At 158C, transport is blocked at the interface of the ER
transported rapidly by vesicle flow, while aggregates and Golgi (Saraste and Kuismanen, 1984), which results
(like procollagen) that do not effectively enter or induce in an accumulation of secretory proteins in the ER, and
megavesicles may be transported at the slower pace of in the cis-most cisternae of the Golgi stack, and in vesic-
cisternal flow. ular tubular clusters (VTC's) engaged in transport from
ER to Golgi (VTC's are the result of compound homo-
Results typic fusion of COPII vesicles that bud from the ER en
route to the Golgi [Presley et al., 1997; Scales et al.,
Design of the Experiments 1997; Allan and Balch, 1999]). At 208C, exit from the
Our approach is based on a novel technology that allows Golgi stack is blocked, but transport from ER to Golgi
the state of aggregation of secretory and other proteins continues, resulting in the accumulation of secretory
to be controlled pharmacologically via cell permeant proteins in the Golgi stack, particularly in its trans-most
ligands directed at a self aggregating mutant of an cisternae (termed the TGN) (Griffiths and Simons, 1986;
FK506 binding protein (FKBP12) which is incorporated Griffiths et al., 1989). Therefore, when ligand is removed
into a suitably engineered secretory protein construct. during either kind of temperature blocking, aggregation
FKBP12 is normally a monomeric protein that is ex- is predicted to be induced selectively within either cis
pressed at high levels in the cytoplasm (Schreiber, 1991). (Figure 1D, 158C block) or trans (Figure 1E, 208C block)
An unusual mutant of FKBP12, which we term FKBP*, Golgi cisternae.
spontaneously dimerizes in the absence of FK506 or
other structurally related ligands (Rollins et al., 2000). Controlled Aggregation/Disaggregation of FKBP*
Dimerization is prevented by ligand but can be rapidly Hybrid Protein in Cells
induced by removal of ligand (Rollins et al., 2000). Poly- Previous work (Rivera et al., 2000) has shown that this
peptide constructs that contain several FKBP* domains and related FKBP* hybrid proteins massively accumu-
in a tandem array can engage in multivalent homophilic late within the ER when cells are grown in the absence
interactions resulting in aggregation in living cells (Rol- of ligand, and then are secreted when ligand is added.
lins et al., 2000). Here, we use a human fibrosarcoma cell line (HT1080)
We make use of a construct consisting of an N-termi- that stably expresses the hybrid protein (Figure 1A)
nal translocation signal peptide (from human growth (clone HT92-H, see Experimental Procedures). This cell
hormone), followed by a brightness-enhanced GFP line releases almost no hybrid protein or mature hGH in
(Green Fluorescent Protein) (Cormack et al., 1996), fol- the absence of ligand at 378C (Figure 2A; Figure 2C,
lowed by four copies of FKBP*, then a furin cleavage filled circles), but does so after a lag of about 20 min
site (Denault and Leduc, 1996), followed finally by human upon addition of ligand (Figure 2B; Figure 2C, open
growth hormone (Figure 1A). The purpose of the signal circles). The fact that both mature hGH and hybrid pro-
tein are released into the media could indicate that notpeptide is to direct delivery of the hybrid protein to
Transport of Intracisternal Aggregates by Megavesicles
337
Figure 2. FKBP* Hybrid Protein Disaggregation and Secretion at 378C, 208C, and 158C
(A and B) FKBP* hybrid protein is secreted from cells upon ligand addition. HT1080 cells stably transfected with the hybrid protein were
incubated with 100 mg/ml cycloheximide, in either the absence (A) or the presence (B) of 1.0 mM ligand for the indicated time periods. The
cells were then placed on ice and the extracellular medium was TCA precipitated. The cells were washed in ice-cold PBS and lysed in SDS-
PAGE buffer. Ten percent of the cell lysate and the entire TCA-precipitated medium were analyzed by SDS-PAGE and blotted for hGH.
(C) Kinetics of FKBP* secretion. Immunoblots of incubations as described in (A) and (B) were quantified by PhosphoImager analysis. The
time-dependent release of mature hGH and full-length fusion protein from cells incubated either in the presence (open circles) or absence
(filled circles) of 1.0 mM ligand is shown. Results are the average 6 SEM of 3 separate experiments.
(D) FKBP* hybrid protein disaggregates upon addition of ligand. Cells were treated with 100 mg/ml cycloheximide and either with or without
1.0 mM ligand for 30 min at 378C. The cells were then placed on ice and the extracellular media was TCA precipitated. The cells were washed
in ice-cold PBS and dissolved in lysis buffer containing 1.0% Triton X-100. Low speed centrifugation (as described in Experimental Procedures)
yielded a detergent-insoluble pellet (P) and a soluble supernatant (S). 6% of the supernatant (S) and the pellet (P) and 100% of the TCA-
precipitated medium (M) were analyzed by SDS-PAGE and blotted for hGH, FKBP, and GFP.
(E) Time course of FKBP* disaggregation. Cells were treated and analyzed as described in (D) and the immunoblots were quantified with a
phosphoimager.
(F) FKBP* is retained in cells in the presence of ligand at 158C and 208C. Cells were incubated with 100 mg/ml cycloheximide and 1.0 mM
ligand for the indicated times at 158C and 208C and processed as described in (A) and (B) above.
(G) Kinetics of controlled secretion of FKBP* at 158C and 208C. The immunoblots of experiments in (F) were quantified by PhosphoImager
analysis. The time course of the secreted full-length fusion protein and mature hGH released from cells incubated either at 158C (filled circles)
or 208C (open circles) is shown.
(H) Time course of FKBP* disaggregation at 158C and 208C. Cells were treated with 100 mg/ml cycloheximide and 1.0 mM ligand at 158C or
208C for the indicated times. Detergent-insoluble pellets and supernatants were prepared by low speed centrifugation as described in (D)
above.
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all of the hybrid protein is susceptible to furin cleavage of the GFP-containing protein from the Golgi occurred
within 30 min, even in the absence of ligand, (Figure 3A,(due to persistence of some aggregates) or that the level
bottom panels; Figure 3B), and the hybrid protein nowof furin protease is limiting as a large bolus of the hybrid
appeared in the medium (Figure 3C). However, the ERprotein rapidly passes through the TGN.
still retained its immunofluoresence (Figure 3A, bottomIn the absence of ligand, after detergent solubilization
panels; Figure 3B). This data shows that the secretoryof cells and low speed centrifugation, the hybrid protein
protein that had accumulated in the Golgi at 158C follow-is largely (z60%) recovered in the insoluble pellet frac-
ing the reaggregation protocol remained available totion (Figure 2D, lane P [pellet] versus lane S [soluble
the secretory pathway. The hybrid protein aggregatessupernatant]), confirming its aggregated status. When
recovered in the TX-100 insoluble pellet following ligandcells are incubated for 30 min at 378C in the presence
removal at 158C are stable. Approximately 90% of theof ligand, the cell-associated hybrid protein moves into
TX-100 insoluble hybrid protein repellets after resuspen-the soluble detergent supernatant as well as into the
tion in dilute buffer and warming to 378C for 30 minextracellular medium. The aggregated protein (i.e., in the
(Figure 3E).absence of ligand) consists of full-length hybrid protein
Similar results were obtained when the hGH-con-based on the observed MW (z98 kDa) of the single band
taining hybrid protein was reaggregated within the Golgithat reacts with antibodies directed against hGH, GFP,
following a 208C block with the same set of controlsand FKBP. No free hGH is observed. After ligand treat-
(results not shown). However, the 208C block protocolment, however, the soluble fraction contains both paren-
was not completely stringent, as some hGH was se-tal hybrid protein and the expected cleaved fragments,
creted into the medium (Figure 2F; Figure 2G, openone reacting with antibody against hGH and matching
circles).the molecular weight of hGH (lane S, anti-hGH immu-
noblot) and the other reacting with antibodies directed
Size and Morphology of Aggregates Formingagainst GFP and FKBP (but not hGH) and matching the
within Golgi Cisternaeexpected MW of this fragment (z76 kDa). Harvested
Electron microscopy was used to confirm that intralu-culture medium contains both the cleaved hGH fragment
menal aggregation within Golgi cisternae indeed hadand the parental hybrid protein (lane M). When secretion
occurred when the ligand was removed following theis triggered by ligand, the hybrid protein exits the pellet
temperature blocks at 158C (Figures 4A and 4B) and at(P) fraction within 5 min (Figure 2E) and appears in the
208C (Figures 4C and 4D). In both cases, z200 nmsoluble (S) fraction and is eventually secreted (Figure
diameter, hGH-staining (Figures 4B, 4D, and 4F), spheri-2D). This experiment was carried out in the presence of
cal shaped inclusions appeared in the Golgi stack,a protein synthesis inhibitor (cycloheximide) to eliminate
mainly in dilated rims of cis-Golgi cisternae (at 158C) orthe production of new hybrid protein during the ªpulse-
in dilated rims and vesicle-like structures at the transchaseº experiment.
face (at 208C). Growth hormone immunostaining within
the Golgi occurred almost exclusively over aggregates
Controlled Aggregation/Disaggregation of FKBP identified as electron-dense inclusions (98.4% 6 0.5%
Hybrid Protein within the Golgi during of the gold was over aggregates at 158C; 98.7% 6 0.3%
Temperature Blocks was over aggregates at 208C; and 98.7% 6 0.3% was
At 158C, no hGH is secreted in the absence of ligand over aggregates formed at 158C following 10 min at
(not shown), and only trace quantities are secreted in 208C. Six hundred, 850, and 1057 gold particles were
the presence of ligand, even after 4 hr at 158C (Figure counted, respectively, and 14 Golgi stacks were evalu-
2F; Figure 2G, filled circles), confirming the success of ated in each condition).
the 158C block in these cells for this hybrid protein. The size distribution of the aggregates can be more
No detectable mature hGH is observed intracellularly precisely determined from serial sections (since appar-
(Figure 2F, left panel), implying that the disaggregated ent diameter in random cross sections can vary with the
protein does not transit the secretory pathway as far as plane of section). For this purpose, aggregates formed
the furin-containing trans-most cisternae of the Golgi following the 158C and 208C blocks were analyzed
stack at 158C. As shown in Figure 2H (filled circles), separately, and the actual diameter of each aggregate
disaggregation occurred in the presence of ligand and was taken to be the largest apparent diameter of the
cycloheximide. However, the kinetics of disaggregation same aggregate in a set of serial sections that spanned
are much slower at 158C than at 378C (compare Figure it entirely. The mean diameter (and standard deviations)
2E to Figure 2H, filled circles). After 1 hr at 158C, 50% of these aggregates were found to be 176 6 62 nm (n 5
of the aggregated hybrid protein in the pellet had moved 240 aggregates) at 158C and 190 6 50 nm (n 5 193
into the soluble fraction. aggregates) at 208C. The mean density of the aggre-
Consistent with the above, immunofluoresence shows gates in the Golgi areas was 8.4 6 0.8 aggregates per
that after 3 hr at 158C in the presence of ligand, some mm2 of Golgi area at 158C (n 5 12 Golgi areas counted),
of the GFP-containing hybrid protein colocalizes with a and 5.2 6 0.9 aggregates per mm2 at 208C (n 5 13 Golgi
Golgi marker, while some still colocalizes with an ER areas counted).
marker (top six panels of Figure 3A). These cells were These aggregates are much larger than the internal
further incubated in the absence of ligand for an addi- diameter (40±50 nm) of COPI-coated vesicles (Orci et
tional 1 hr at 158C to allow the hybrid protein that had al., 1986). There is an z10-fold difference in diameters
entered the Golgi to reaggregate there. GFP fluores- between the largest intracisternal aggregates (z400 nm)
cence remains in the Golgi area (Figure 3A, middle pan- and the internal diameter of COPI vesicles. In Epon sec-
els; Figure 3B) and the hybrid protein is now largely tions, unlike in cryosections, the aggregates do not com-
aggregated as shown by immunofluorescence (Figure pletely fill the volume of the membrane-bound compart-
3A, insets) and by its recovery in the TX-100 insoluble ment; this is likely due to shrinkage of aggregates when
pellet of the low speed centrifugation (Figure 3D). When they are fixed for embedment preceding electron mi-
croscopy. Aggregate-filled structures that occupy thethese cells were warmed to 378C, efficient and rapid loss
Transport of Intracisternal Aggregates by Megavesicles
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Figure 3. FKBP* Hybrid Protein Aggregates Induced in the Golgi at 158C Are Stable and Undergo Exocytosis upon Shift to 378C
(A±C) A fraction of the cellular FKBP* can be chased to the Golgi location in the presence of ligand at 158C. Subsequent ligand removal and
temperature shift to 378C results in FKBP* secretion from the Golgi, but does not significantly alter the ER localization of FKBP*. (A) The top
six panels represent cells that were incubated with 1.0 mM ligand and 100 mg/ml cycloheximide at 158C for 3 hr and immunolabeled as
indicated. In the presence of ligand, FKBP* hybrid protein disaggregates, as revealed by diffuse GFP fluorescence (see inset) that partially
colocalizes with the ER marker as well as with the Golgi marker (yellow area in the merged image). Middle six panels: cells were incubated
as indicated in the figure. GFP fluorescence partially colocalizes with ER and Golgi markers but appears patchy, indicating reaggregation of
the FKBP* hybrid protein (see inset). Bottom six panels: cells were treated as indicated in the figure. Note that GFP fluorescence in the Golgi
is no longer present while patchy aggregates in the ER remain (see inset) indicating that any FKBP* that had accumulated in the Golgi during
the 158C block was able to exit once the temperature block was removed. (B) The fluorescence intensity in the ER and Golgi regions from
the indicated conditions was quantitated as described in the Experimental Procedures. (C) Cells were incubated with 100 mg/ml cycloheximide
and 1.0 mM ligand for 3 hr at 158C. The ligand was subsequently washed out over a 1 hr period before the cells were incubated at 378C for
the indicated times. The cells were then placed on ice and the extracellular medium was TCA precipitated. After washing in ice-cold PBS,
the cells were lysed in SDS-PAGE buffer. Ten percent of the cell lysate and 100% of the TCA-precipitated medium were resolved by SDS-
PAGE and immunoblotted for hGH.
(D) FKBP* becomes TX-100 insoluble after ligand removal following a 158C temperature block. Cells incubated with 100 mg/ml cycloheximide
and 1.0 mM ligand for 3 hr at 158C (1 ligand) and cells incubated with 100 mg/ml cycloheximide and 1.0 mM ligand for 3 hr at 158C followed
by ligand wash-out over a 1 hr period (ligand washout), were lysed in a 1% TX-100 buffer. Low speed centrifugation yielded detergent insoluble
pellet (P) and soluble supernatant (S) fractions. Equal amounts of P and S were resolved by SDS-PAGE and immunoblotted for hGH.
(E) The TX-100 insoluble FKBP* aggregates formed at 158C are stable. Cells incubated with 100 mg/ml cycloheximide and 1.0 mM ligand for
3 hr at 158C followed by ligand wash-out over a 1 hr period were lysed in a 1% TX-100 buffer. Low speed centrifugation yielded detergent
insoluble pellet (P) and soluble supernatant (S) fractions. For the control, 6% each of P and S were loaded onto the SDS-PAGE. In lanes
labeled (2ligand and 1ligand), the P fraction was resuspended in 1 ml of Ringer's buffer in the absence (2) or presence (1) of 1.0 mM ligand
and then incubated at 378C for 30 min. Following this treatment, the samples were again subjected to low speed centrifugation to generate
the P9 fraction. The supernatant of this spin was TCA precipitated to generate the S9 fraction. Six percent of the P9 and and all (100%) of the
S9 fractions were resolved by SDS-PAGE and immunoblotted for hGH. A total of 10.4% 6 3.6% and 48.7% 6 11.9% of hybrid protein entered
the S9 fraction in the absence and presence of ligand respectively, in three independent experiments.
terminal rims of Golgi cisternae (Figure 5A and 5B) are Distribution of Aggregates within the Golgi Stack
Despite their similarity in size, the aggregates thatclearly associated with the coatomer subunit p36 (Fig-
ures 5C, 5D, and 5E), and a distinct COP coat is occa- formed at 158C and at 208C were distributed very differ-
ently within the Golgi. The 158C aggregates weresionally observed over a portion of these structures (Fig-
ure 5F), though never over the entire surface. strongly concentrated toward the cis face (Figure 6A,
Cell
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Figure 4. Golgi Stacks Showing FKBP* Aggregates at Various Temperature Blocks
(A and B) Transport block at 158C. Cells were incubated with 1 mM ligand and 100 mg/ml cycloheximide for 3 hr at 158C, washed for 1hr at
158C, and processed for electron microscopy as described in Experimental Procedures. (A) Epon sections show dilated cisternal rims that
contain aggregates in cis and medial positions (arrows). A clathrin-coated vesicle on the trans Golgi pole is indicated with an arrowhead.
(B) Aggregates in cis-medial cisternae are immunostained by hGH in cryosections (arrows).
(C and D) Temperature block at 208C. Cells were incubated with 1 mM ligand for 2 hr at 208C, washed extensively for 1hr at 208C, and processed
for conventional electron microscopy (C) or cryosectioning and immunogold labeling for hGH (D). (C) Aggregate-filled vesicles are clearly
evident on the trans face of the Golgi. (D) Aggregates are labeled with anti-hGH antibodies on the trans Golgi.
(E and F) Cells were treated as in (A) and then warmed to 208C for 10 min before fixation. (E) Epon sections show secretory aggregates on
the trans Golgi face. (F) Cryosections show hGH immunostaining in aggregates on the cis and trans face of the Golgi.
(G) Cryosection of a 158C block showing a Golgi stack with aggregates mostly in the cis face. The trans Golgi face is revealed by clathrin
immunolabeling.
(H) Cryosection of cells shifted from a 158C block to 378C for 10 min. A Golgi stack with aggregates on the trans face is shown. Note the
clathrin immunostaining on the membrane delimiting the aggregates. Bars in (A), (C), (G), and (H) 5 200 nm; in (B), (D), and (F) 5 100 nm.
open circles) with progressively fewer aggregates in present in cisternae 1±3 (see also Figures 4C, 4D, and
4H). The cis-trans orientation of Golgi areas can beeach succeeding cisterna and very few in the trans-
most cisternae (see also Figures 4A, 4B, and 4G). The clearly determined by the morphological appearance of
clathrin-coated vesicles in Epon sections (Figure 4A)208C aggregates within the Golgi, on the other hand,
were almost all found in the last, trans-most cisternae (4 and by immunolabeling for clathrin in cryosections (Fig-
ures 4G and 4H), characteristic of the trans side (Orciand 5) (Figure 6A, filled circles) with very few aggregates
Transport of Intracisternal Aggregates by Megavesicles
341
Figure 5. Aggregates at the Terminal Rims in Transit through the Golgi
(A) Cryosection showing a Golgi stack with aggregates situated in dilated cisternal rims (365,000). Cells were incubated with ligand and
cycloheximide at 158C for 3 hr, then extensively washed for a 1 hr period at 158C before shifting to 208C for 5 min.
(B) Same condition as (A), showing dilated cisternal rims immunolabeling for hGH (366,000).
(C) Cryosection showing several aggregates in the Golgi complex associated with coatomer (e-COP) immunolabeling (366,000) (Hara-Kuge
et al., 1994). Cells were incubated with 1 mM ligand and 100 mg/ml cycloheximide for 3 hr at 158C, then washed for 1hr at 158C.
(D) Same condition as in (C) showing aggregates on the cis Golgi face associated with coatomer (e-COP) immunolabeling (366,000).
(E) Cryosection showing aggregates in a mega vesicle with a partial membrane coat (arrow) immunoreactive for e-COP (366,000). Cells were
incubated with ligand and cycloheximide at 158C for 3 hr then extensively washed for 1hr at 158C before shifting to 378C for 10 min.
(F) An Epon section (367,000) showing aggregates in a mega vesicle with a partial COP coat (arrow) from the same condition as (E). Bars 5
100 nm.
et al., 1985). Cisternae 4±5 are combined since not all limited window (2 hr at 208C or 3 hr at 158C) to dissolve
and move to the Golgi before the ligand was removedstacks had five cisternae in a given section (Table 2).
In addition, aggregates were observed by electron to initiate aggregation in the Golgi. Due to the slow
dissolution of the aggregates in the ER at reduced tem-microscopy in the ER in both the 158C- and 208C-incu-
bated cells (data not shown), representing the popula- peratures, only a portion of the construct can escape
while the transport window is open.tion of construct that had not dissolved from the aggre-
gates or had not yet left the ER when the ligand was Within the cisternae in which they accumulate, the
aggregates are mainly located in the lateral portion ofpresent. Recall that the construct was allowed only a
Cell
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Table 1. Occurrence of Aggregates in Topologically Free
Vesicles
Percent of aggregatesCondition
in free vesicles:
Aggregates formed at: Shift to: Time:
1. 158C Ð Ð 8 6 3
2. 158C 208C 5 min 20 6 2
3. 158C 208C 10 min 15 6 2
4. 208C Ð Ð 16 6 3
5. 158C 378C 5 min 16 6 4
6. 158C 378C 10 min 18 6 4
The percentage of aggregates in free vesicles was determined on
series of consecutive sections by recording vesicles that never
showed cisternal connection. An average of 200 aggregates were
counted on 7±12 series of consecutive serial sections in each con-
dition.
Anterograde Transport of Aggregates
within the Stack
Immunofluorescence and biochemical observations
discussed above indicated that aggregates induced at
158C could traverse the Golgi stack during secretion at
378C. The equivalent of ªpulse-chaseº experiments
were performed to determine, at the electron micro-
scopic level, if and how the 158C aggregates could be
transported across the Golgi stack. For this purpose,
cells harboring aggregates at 158C were warmed to
208C in the absence of ligand and in the presence of
the protein synthesis inhibitor cycloheximide. Because
of the continued absence of ligand, construct protein
that remains in the ER following the limited ªwindowº
of transport will stay there, unable to reach the Golgi.
Because of the continued presence of cycloheximide,
new construct protein will not be synthesized, eliminat-
ing the only other potential source of new intra-GolgiFigure 6. Distribution of FKBP* Aggregates within the Golgi Stack
aggregates. Because of the applied 208C block, exit(A) Cells were incubated with 1 mM ligand and 100 mg/ml cyclohexi-
from the Golgi will be largely inhibited. All of these condi-mide for 3 hr at 158C then washed for 1 hr at 158C (open circles) or
tions together should serve to maintain a constant num-incubated with 1 mM ligand and 100 mg/ml cycloheximide for 2 hr
ber of aggregates within the Golgi apparatus, aggre-at 208C then washed for 1 hr at 208C (filled circles) before fixation
gates whose fate within the stack can then be followedand processing for conventional electron microscopy and serial
sectioning. The distribution of the aggregates within the Golgi stack with time.
is shown as a percentage of the total in Golgi areas. Within 10 min after the temperature shift to 208C about
(B) Cells were incubated with 1 mM ligand and 100 mg/ml cyclohexi- 80% of the aggregates in the Golgi area now resided in
mide for 3 hr at 158C, then washed for 1 hr at 158C (open circles) the trans-most cisternae (Figure 6B, filled circles; Fig-
or incubated with ligand and cycloheximide at 158C for 3 hr, then ures 4E and 4F). The cis-trans distribution data in Figure
extensively washed for a 1 hr period at 158C before shifting to 208C
6B are presented in terms of the number of aggregatesfor 10 min (filled circles). In this case, the distribution of aggregates
in a given cisterna in the Golgi sectioned in a cis±transwithin the Golgi stack is shown as the mean of the absolute number
orientation. Prior to the temperature shift, only aboutof aggregates in each Golgi cisterna. Cisternae 4 and 5 are consid-
10% of the aggregates had resided in the two trans-ered together as not every Golgi area has 5 cisternae. The vertical
most cisternae (Figure 6A, open circles). During trans-bars show standard deviations. See the detailed quantitation proce-
dure in Experimental Procedures. port (after 5 min at 208C) aggregates are present at all
levels of the stack (Figures 5A and 5B), consistent with
their progressive movement across the stack by transit-
the cisternae, in the ªterminal rimº (see Figures 4A, 4B, ing intervening cisternae. Altogether, 70% of the aggre-
and 4G; Figures 5A and 5B). Specifically, only 12% 6 gates initially present in the Golgi had been transported
2% of the 158C aggregates in cisternae 1±3 are in the in the cis±trans (anterograde) direction and had been
central portion of these cisternae (i.e., not at the terminal delivered into the trans-most cisternae, many of which
rim), and only 7% 6 5% of the aggregates are in the had traversed the entire stack, from the cis to the trans
central portion when cells are warmed to 208C for 2, 5, face, during 10 min at 208C. Quantified differently, about
or 10 min following the 158C incubation. 80% of the aggregates initially present in cisternae 1±3
The aggregates at the terminal rims tend to be closely had relocated to cisternae 4 and 5 in 10 min after shifting
wrapped in the cisternal membrane which conforms to their temperatures from 158C to 208C (Figure 6B).
the contours of the enclosed aggregate, shaping the During this period, the total number of aggregates in
enclosing region of the edge of the cisternae into a form stacks remained constant within experimental error, a
that resembles an enormous bud (Figures 4A and 4B, prerequisite for the establishment of a precursor-prod-
uct relationship. Before the shift to 208C, each Golgiarrows). This is best seen in cryosections.
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area had a total of 2.8 aggregates per section, mainly the increase in the number of topologically free mega-
vesicles (Table 1), provides an internal control indepen-on the cis side of the stack (Figure 6B, open circles).
dently establishing the validity of our measurements.After 10 min at 208C, each Golgi area had a total of 2.7
Therefore, the above results suggest that FKBP* ag-aggregates per section, now almost exclusively present
gregates traverse the Golgi stack by shuttling betweenin that last cisternae of the stack (Figure 6B, filled cir-
successive stacks via large vesicle-like structures thatcles). The size distribution of the aggregates in these
emanate from the rim regions of Golgi cisternae. Thestacks (160 6 49 nm diameter, n 5 141 aggregates),
formal possibility that the megavesicles can sometimesclosely matches that of the 158C aggregates, making
go directly from cis to trans cisternae cannot be ex-it clear that major changes in the aggregate size (i.e.,
cluded, even though megavesicles can be seen in multi-aggregate fragmentation) do not occur during transport.
ple intervening cisternae during the temperature shiftThe caveat that soluble protein (other than intact aggre-
(Figures 5A and 5B).gates) is transported (followed by re-aggregation in later
cisternae) can effectively be ruled out because: 1) 99%
Discussionof the gold particles revealing growth hormone are over
aggregates and 2) these aggregates are stable for pro-
Megavesicles Implicated in the Rapid Transportlonged periods in dilute suspension (Figure 3E).
of Intracisternal Aggregates
Novel methodology employing a specific, exogenous
ligand to rapidly and reversibly induce precipitation ofMegavesicles Form during Anterograde Transport
a suitably engineered binding protein within the cister-How are these aggregates transported across the
nae of the Golgi stack has been developed. These aggre-stack? They are far too large to fit into typical COPI
gates are transported across the Golgi with surprisingvesicles that bud from and fuse with the Golgi stack.
speed and efficiency. Most of the aggregates initiallyAs noted before, the vast majority of aggregates in the
deposited in the cis portion of the Golgi stack relocateGolgi reside in outpocketings of the rims of cisternae
to the trans-most cisterna (or, TGN) within 10 min atthat tend to conform in shape to the contours of the
208C (Figure 6B). This transit time is typical of that ob-enclosed aggregate. Such morphology is highly sugges-
served for a broad variety of secretory and membranetive of a budding vesicle. If these outpocketings do in-
proteins (Green et al., 1981; Quinn et al., 1984), like pro-deed pinch off, this would also afford a simple explana-
insulin and the VSV G membrane glycoprotein, whichtion for how aggregates too large to fit into a standard
are known to be packaged within 70±90 nm diameterCOPI-coated vesicle manage to traverse the stack in the
Golgi-derived COPI vesicles during transit (Orci et al.,anterograde direction, transiting within ªmegavesiclesº.
1997). Yet, the aggregates, which on average are aboutWith the above in mind, electron micrographs of serial
175 nm in diameter and which can be as large as 400sections were examined and quantified, representing
nm, are far too big to fit in these same COPI vesicles.cells fixed following a 158C aggregation protocol or at
Indeed, it would require the volume of about 1000 stan-5 or 10 min after the temperature shift to 208C. Repre-
dard COPI vesicles (internal diameter 40±50 nm) to pack-sentative examples of two series of serial sections (Fig-
age the largest of these aggregates!ure 7) shows the presence of aggregates in a free secre-
How can this surprising transport process be ex-tory-like vesicle associated with the lateral edge of the
plained? Our data suggest that the cisternal rims, dilatedGolgi stack. The free vesicle (encircled) is seen in near-
to accommodate aggregates, pinch off to form whatequatorial section in (C) and shows no cisternal connec-
amounts to a huge transport vesicle; in other words,tion on adjacent sections ([A] through [E], left side; [A]
a ªmegavesicleº. Megavesicles could be an alreadythrough [F], right side). Quantitation of a number of such
known vesicle in a new guise, or a novel vesicle specifi-serial sections was performed and the results are shown
cally designed to remove aggregates from Golgi cister-in Table 1. When cells were maintained at 158C, 8% 6
nae, whether for transport or potentially in some cases3% (Table 1, line 1) of the aggregates were present in
for degradation. Because megavesicles can be inducedtopologically free vesicles; virtually the entire remainder
to form in cells previously lacking them, it is possible thatof the aggregates was present in closely conforming
many types of cells that do not make them constitutivelybud-like structures at the terminal cisternal rims. When
have the capacity to form megavesicles.the cells were warmed to 208C for 5 min, 20% 6 2% of
Transport by megavesicles need not require novel
the aggregates in the Golgi area were enclosed in free mechanisms or machineryÐmegavesicles could poten-
vesicles (Table 1, line 2). By 10 min at 208C, 15% 6 2% tially form and fuse utilizing the same machinery as con-
resided in free vesicles (Table 1, line 3). This figure is ventional Golgi vesicular transport. For example, mega-
very similar to that obtained for aggregates that were vesicles could form via a conventional coat-driven
formed within the trans-most cisternae following the budding process (on a nonconventional scale) or from
removal of ligand at 208C, 16% 6 3% in free vesicles membrane fission due to periplasmic fusion (Rothman
(Table 1, line 4). and Warren, 1994) when the lumenal surfaces of the
The observed increase in free megavesicles, coinci- enveloping membrane come into contact as the aggre-
dent with the temperature shift and concomitant aggre- gate is fully engulfed, or from a combination of the two.
gate transport, excludes the inherently unlikely caveat SNARE proteins needed for the resulting megavesicles
that serial sectioning could somehow systematically to fuse within the Golgi (Sogaard et al., 1994; Hay et al.,
misidentify connected vesicles as topologically free, 1997, 1998) and the tethering system that organizes
disconnected vesicles. A systematic error based on any Golgi transport by restricting fusion to neighboring cis-
aspect of the geometry of the section versus the geome- ternae (Waters et al., 1992; Orci et al., 1998; SoÈ nnichsen
try of the biological materials under study would not et al., 1998) would naturally be included in the megaves-
change as a function of conditions in the cell before icles because they derive from cisternal membranes
containing these same molecules.electron microscopic analysis. From this perspective,
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Figure 7. Serial Sectioning Reveals FKBP* Aggregate-Containing Vesicles not Attached to Adjacent Cisternae
FKBP*-expressing cells were incubated with 1 mM ligand for 3 hrs at 158C, washed extensively for 1hr at 158C, then fixed and processed for
conventional electron microscopy. Two independent series of consecutive sections are shown (A±E, right side and A±F, left side), revealing
the presence of an aggregate in a free megavesicle (encircled), which is seen in near equatorial section in panel C and shows no connection
to the nearby cisternae rims in adjacent sections. Epon sections; 349,000; bar 5 200 nm.
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Table 2. Morphological Parameters of the Golgi Apparatus under Various Conditions
Number of cisternae Length (mm) of cisternae
A. per stack per stack n
158C, 3 hr
Parental HT1080 4.8 6 0.2 6.0 6 0.2 60
Transfected HT92-H
2 cycloheximide 5.2 6 0.3 7.0 6 0.4 20
1 cycloheximide 4.5 6 0.1 8.2 6 0.4 40
208C, 2 hr
Parental HT1080 4.8 6 0.1 7.9 6 0.3 60
Transfected HT92-H
2 cycloheximide 4.9 6 0.2 8.8 6 0.9 20
1 cycloheximide 4.5 6 0.1 8.8 6 0.5 60
378C
Parental HT1080 4.7 6 0.1 8.0 6 0.4 60
B. Length (mm) of individual cisternae
(% of individual cisternal length per total cisternae length) n
cisterna 1 cisterna preceding
cis-most cisterna 2 trans-most trans-most
158C, 3 hr
Transfected HT92-H 1 cycloheximide 1.8 6 0.2 (18 6 2) 2.0 6 0.2 (20 6 1) 1.9 6 0.2 (19 6 2) 2.1 6 0.3 (20 6 2) 10
208C, 2 hr
Transfected HT92-H 1 cycloheximide 1.8 6 0.3 (16 6 2) 2.2 6 0.3 (19 6 1) 2.0 6 0.4 (17 6 2) 3.2 6 0.2 (29 6 3) 10
378C
Transfected HT92-H 1 cycloheximide 1.3 6 0.2 (14 6 2) 2.0 6 0.2 (22 6 2) 1.6 6 0.1 (19 6 2) 1.7 6 0.1 (20 6 2) 10
A. Determination of the number of cisternae per Golgi stack, and the length of the Golgi cisternae per stack at the indicated temperatures.
B. Determination of the length of individual Golgi cisternae (cis-most to trans-most), and of the percentage of individual cisternal length over
total Golgi cisternal length at different temperatures. Data are means 6 SEM. In panel B, the percentage of cisternal length is less than 100%
since one cisternae was omitted because it was not always present. n 5 number of Golgi stacks evaluated in each condition.
One obvious possibility is that megavesicles are a the cisternal membrane largely or almost completely
envelops an aggregate (for example, see Figures 4Adrastic size variant of standard COPI vesicles, utilizing
coatomer and ARF to bud. Both megavesicles and COPI and 4B), suggesting that these may be accumulated
intermediates in the formation of megavesicles. Evenvesicles form from the same membranes and can poten-
tially carry the same cargo (depending on its state of under this condition, which largely blocks transport
across the stack, 8% of the aggregates are actuallyaggregation). While we do not observe an extensive
morphological coat over the full length of the membrane present in fully-formed megavesicles that are ªfreeº i.e.,
that are topologically separate from nearby cisternae asof megavesicles or of the dilated cisternal rims that par-
tially enclose aggregates, this could be explained by documented by serial sectioning (Figure 7). These ªfreeº
vesicles are further implicated in intercisternal transportuncoating prior to pinching off, since megavesicles
would be expected to take longer than far smaller stan- by the finding that when trans-Golgi transport resumes
at 208C, now 20% of the aggregates appear in the freedard COPI vesicles to bud. Supporting this, portions of
the membranes of megavesicles are COP coated (see megavesicles 5 min after the temperature shift (Table
1) simultaneously with the appearance of aggregates atFigure 5F) and the megavesicles stain distinctly for coa-
tomer subunits (Figures 5C, 5D, and 5E) though not as all levels of the stack as they are imaged in transit from
the cis to the trans face (Figures 5A and 5B).intensely as conventional COPI vesicles.
Another possibility (the above data notwithstanding) Altogether, the morphological data directly demon-
strate the existence of fully-formed, topologically freeis that megavesicles do not bud using a COPI/coatomer
mechanism but rather may be a variant of the secretory megavesicles containing aggregates, and the kinetic
data provide prima facie evidence of a correlative naturestorage vesicles that normally form from the trans-most
Golgi cisternae where they envelop large aggregates that implicates the megavesicles as carriers in antero-
grade transport of the aggregates across the stack.of secretory proteins destined for regulated exocytosis
(Palade, 1975), forming instead in response to ªectopicº A conspicuous difference in kinetics could account for
the apparent absence of megavesicles in procollagenaggregates in earlier cisternae, whether by budding or
pinching off by periplasmic fusion. Many professional transport (Bonfanti et al., 1998). Whereas almost the
entire population of FKBP*-based aggregates traversessecretory cells producing one of a few major products
(such as the classic exocrine cells of the pancreas) can the Golgi stack within 10 min at 208C (Figure 6), fully
20%±25% of the procollagen aggregates still remain inharbor these proteins in Golgi cisternae at concentra-
tions approaching that in storage granules. Under these the cis half of the Golgi stacks after 1 hr at even higher
temperature (378C; see Figure 4A in Bonfanti et al., 1998),conditions, aggregation may well occur in Golgi cister-
nae. Such aggregates are typically located in cisternae implying that several hours are required to clear the
Golgi of procollagen aggregates. Most membrane andrims (Claude, 1970; Jamieson and Palade, 1971; Le-
blond, 1989), now suggestive of budding megavesicles. secreted proteins cross the Golgi within 10±20 min, far
faster than the procollagen granules. Indeed, BonfantiWhen intra-Golgi transport is blocked at 158C, 88%
of the aggregates are present in dilated rims in which et al. (1998) state that the VSV G protein is transported
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from ER to medial plus trans Golgi cisternae (Endo no t SNAREs? (Pelham, 1998); and 3) naturally occurring
protein aggregates much larger than COPI vesicles areH-resistance) (Rabouille et al., 1995) with normal rapid
kinetics, and more recently Bonfanti et al. (1999) have transported across the Golgi stack suggesting that cis-
ternal progression may occur (Bonfanti et al., 1998).confirmed that VSV G traverses markedly faster than
procollagen aggregates in stacks containing both pro- The same observations can now be seen in a different
light, falling quite naturally in line with rapid anterogradeteins. One possibility, as suggested by Bonfanti et al.
(1998), is that procollagen aggregates remain within cis- flow mediated by vesicles moving among static or slowly
moving cisternae: 1) there are two distinct populationsternae and slowly traverse the stack by cisternal pro-
gression. of COPI vesicles that bud from every Golgi cisternae,
one containing retrograde-targeted and the other an-But, it could also be that the slowly transported pro-
collagen aggregates are carried by rapidly moving terograde-targeted cargo (Orci et al., 1997); 2) the Golgi
syntaxin (Syntaxin 5) is actually present in every cisternamegavesicles instead of by cisternal flow, their slow
transport resulting from inefficient packaging of these in the stack where it could be used over and over again
(Hay et al., 1998); and 3) as we report here, megavesiclesaggregates into megavesicles. At the peak of a pulse-
chase experiment only about 20% of the FKBP*-based can form in response to aggregates, and can account
for their rapid anterograde transport without cisternalaggregates reside in topologically free megavesicles
(Table 1). If the transport of procollagen were also due progression on this time scale.
to megavesicles, megavesicles containing procollagen
would have to be much less abundant and could easily Conclusion
have escaped detection. In fact, an earlier study
(Leblond, 1989) reports an abundance of procollagen In summary, the anterograde cargo-containing popula-
aggregates in spherical and cylindrical distensions at tion of COPI vesicles (Orci et al., 1997) provides the
cisternal rims which we would regard in retrospect as simplest and best explanation of the rapid transport of
forming megavesicles. It would be interesting to deter- most proteins across the Golgi stack in animal cells. By
mine whether FKBP*-based aggregates introduced into contrast, the rate of cisternal progression, as indicated
the cells studied by Bonfanti et al. (1998) efficiently enter by the rate of transport of aggregates that do not appre-
megavesicles and whether procollagen aggregates now ciably enter megavesicles (Bonfanti et al., 1998, 1999),
do so. seems to be too slow to account for most protein trans-
port. Aggregates that efficiently enter megavesicles
are transported at the faster, vesicular rate. CisternalVesicles on a ªFast Trackº
progression and COPI vesicle±dependent anterogradeIt now seems evident that cisternal progression, while
transport may well coexist in many cell types, and theit may well occur, is too slow to account for the transport
balance between them could potentially be adjusted toof most proteins across the Golgi stack. (Bonfanti et
suit the cell's needs. At the most fundamental level,al., 1998, 1999). In light of the considerable evidence
since progressing cisternae are in actuality nothing morefavoring a pathway of anterograde transport by a popu-
than transporting vesicles, albeit very large ones, trans-lation of COPI vesicles (Orci et al., 1986, 1989, 1997;
port across the Golgi stack evidently involves vesiclesOstermann et al., 1993), these vesicles are almost cer-
of one size or another.tainly responsible for the predominant and rapid compo-
nent of transport experienced by most proteins. Signifi-
Experimental Procedurescant ad hoc revisions of cisternal progression models
would be needed to explain how rapid (5±10 min) cis to
Cell Culture, Cloning, and Transfectiontrans transit of FKBP*-based aggregates could occur
Human HT1080 fibrosarcoma cells were cultured in a-MEM media
without megavesicles when exit from the stack is supplemented with 10% FCS, 2 mM glutamine, 100 U/ml penicillin,
blocked (Figure 6B), and when there are no significant and 100 U/ml streptomycin in an atmosphere of 5% CO2. The FKBP*-
morphological alterations (Table 2). containing hybrid protein (Figure 1A) was generated as described
The possibility that cisternal progression is responsi- (Rivera et al., 2000) and is expressed under the control of the human
cytomegalovirus (CMV) immediate early promoter and enhancerble for rapid anterograde transport across the Golgi
from a pCGNN-derived expression vector (Attar and Gilman, 1992).stack has received renewed interest in the last few years,
Stable cell lines expressing FKBP* were generated by transfectingeven though substantially similar models fell into disfa-
the vector into HT1080 cells (ATCC CCL-121) using Superfect (Qia-vor nearly two decades ago following the recognition of
gen), and selecting for G418 resistant colonies. A high expressingthe primacy of vesicle-based transport as a basic and
clone (referred to as HT92-H) was used for the experiments in this
evolutionarily conserved principle in biology (Palade, study, and the top 20% of these cells expressing the most hybrid
1975). Cisternal progression warranted reconsideration protein was isolated by FACS sorting using the GFP signal.
when the then-conventional model of anterograde trans-
port by COPI vesicles among static cisternae seemed 158C and 208C Temperature Block Experiments
to fit poorly with three new observations (Glick and Mal- Cells were incubated in either media supplemented with 20 mM
HEPES (experiments in Figures 3A, 4, 5, 6, and 7) or Ringers solutionhotra, 1998; Pelham, 1998; Allan and Balch, 1999): 1) a
(10 mM HEPES, 130 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2,role for COPI vesicles in retrograde transport from Golgi
and 30 mM glucose [pH 7.2]) (experiments in Figures 2 and 3C) thatto ER (Letourneur et al., 1994)Ðif there were only one
had been equilibrated to either 158C or 208C. AP21998 (providedkind of COPI vesicle, how could it carry different sets
by T. Keenan, ARIAD Pharmaceuticals) was added to media directlyof cargo in two different directions? (Pelham, 1994); 2)
from an ethanol stock solution, which was stored at 2208C. The
a single species of the t-SNARE syntaxin, then thought final concentration of ethanol in cell media did not exceed 0.1% (v/
to be located exclusively on the cis side of the stack, v). Cells were placed in temperature controlled refrigerators for the
suffices for anterograde transport into and across the times indicated in the figure legends of each experiment. Washes,
Golgi stack (Holthuis et al., 1998)Ðhow could antero- where indicated, were performed quickly at room temperature with
Ringer's buffer equilibrated to either 158C or 208C depending ongrade-directed vesicles fuse within the stack if there are
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the experiment. Following the temperature block protocol, the cells acetate in distilled water and lead citrate solution. Golgi areas in a
suitable sectioning orientation showing the cis±trans polarity werewere either fixed for immunofluorescence or electron microscopy,
or lysed, depending on the experiment. photographed at a calibrated magnification of 67,500. With the aid
of a computer-driven electronic pen, we recorded the following
parameters: number of cisternae, length (mm) of individual and totalTriton X-100 Solubility Experiments
Golgi cisternae, and diameter (nm) of the aggregates. The meanFollowing the treatments described in the figure legends, cells
diameter of the aggregates was established on series of consecutivegrown in 6-well dishes were placed on ice then washed once in
sections to include the largest diameter observed in each series.phosphate-buffered saline (PBS) after the extracellular medium was
The number of aggregates in free vesicles was determined on seriesremoved. Two hundred fifty microliters of ice-cold lysis buffer (1%
of consecutive sections by recording the vesicles in each seriesTriton X-100, 20 mM Hepes [pH 7.4], 100 mM KCl, 2 mM EDTA, 1
that never showed a cisternal connection. The number of aggregatesmM DTT, 1 mM PMSF, 1 mg/ml pepstatin A, 1 mg/ml leupeptin, and
per cisternae was determined on Golgi stacks sectioned in a cis±2 mg/ml aprotinin) was then added. Cells were kept on ice for 30
trans orientation with the following ranking of cisternae: cisternaemin after which they were scraped from the dish by pipetting the
1 (cis most), cisternae 2 (cis-medial), cisternae 3 (medial), and cister-lysate up and down 20 times. Following this, the lysate was centri-
nae 4 and 5 (trans-trans most).fuged in an Eppendorf microfuge at 12,000 rpm for 30 min at 48C.
The pellet (insoluble fraction) was resuspended in 23 Laemmli sam-
SDS-PAGE and Immunoblottingple buffer and boiled for 5 min. The supernatant (soluble fraction)
Samples were resolved by SDS-PAGE and proteins were transferredwas removed and a fraction was subject to precipitation with 9%
to nitrocellulose membranes and immunoblotted. Antibodies used:TCA before SDS-PAGE.
rabbit anti-hGH, (Dako, 1:1000), rabbit anti-FKBP12 (Affinity Biorea-
gents, Inc. 1:1000), and rabbit anti-GFP (1:1000). For detection ofImmunofluorescence Microscopy
bound primary antibodies, the membranes were incubated with 125I-HT-92H cells were seeded onto 12 mm glass coverslips in 12-well
Protein A (Amersham Pharmacia Biotech) (0.1 mCi/ml) for 1 hr atculture dishes. Following the experimental treatments, the cells were
room temperature. The membranes were exposed overnight in awashed three times with PBS, then fixed with 3% paraformaldehyde/
Molecular Dynamics Storage Phosphor Screen. The Screen wasPBS for 20 min at room temperature. Excess fixative was quenched
scanned using a PhosphoImager (Molecular Dynamics) and bandwith 100 mM glycine/PBS for 15 min. The cells were then permeabil-
intensities quantified using ImageQuant software.ized with 0.1% TX-100/PBS for 15 min. After three washes in PBS,
the cells were incubated in 3% BSA/PBS at room temperature (1
Acknowledgmentshr) prior to incubation with primary antibodies diluted in 1% BSA/
PBS for 1 hr. The cells were washed three times over 15 min before
This work was supported by grants from the Swiss National ScienceCy5-conjugated goat anti-rabbit (or goat anti-mouse) antiserum,
Foundation (to L. O.) and from the National Institutes of Health (todiluted 1:500, was added for 1 hr. Following this, the cells were
J. E. R.). A. V. was supported by a postdoctoral fellowship from thewashed three times over 15 min, then mounted onto slides with
Medical Research Council of Canada. B. B. was supported by aProLong Antifade mounting solution. Confocal images were ob-
postdoctoral fellowship from the European Molecular Biology Orga-tained with a Zeiss laser scanning confocal microscope (LSM 510)
nization. We are grateful to Joshua Olesker for help in preparing theusing a 633 objective. Images were processed with Adobe Pho-
manuscript.toshop 5.0 software and imported to Adobe Illustrator 8.0 for figure
production.
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protein in the ER and Golgi areas was quantitated using nih image
1.60 software. The fluorescence/unit area of the GFP signal in the References
Golgi area (as defined by the GOS 28 or COPI coatomer signal in
the double label images) and the rest of the cell (assumed to be the Allan, B.B., and Balch, W.E. (1999). Protein sorting by directed matu-
ER) was measured in 10 individual cells from 3 separate experiments ration of Golgi compartments. Science 285, 63±66.
per condition. The background, obtained from a portion of the image
Attar, R.M., and Gilman, M.Z. (1992). Expression cloning of a novelnot containing a cell, was subtracted from each value. The results
zinc finger protein that binds to the c- fos serum response element.were collected in arbitrary units and the mean and SEM were plotted.
Mol. Cell. Biol. 12, 2432±2443.Primary antibodies used were: mouse anti-Grp 78 (clone 10C3,
Bonfanti, L., Mironov, A.A., Jr., Martinez-Menarguez, J.A., Martella,1:200 dilution, StressGen Biotechnologies Corp.); mouse anti-GM130
O., Fusella, A., Baldassarre, M., Buccione, R., Geuze, H.J., Mironov,(clone G65120, 1:1000 dilution, Transduction Laboratories); and rab-
A.A., and Luini, A. (1998). Procollagen traverses the Golgi stackbit anti-GOS-28 (1:1000 dilution). The secondary Cy5-conjugated
without leaving the lumen of cisternae: evidence for cisternal matu-donkey anti-mouse IgG was from Jackson ImmunoResearch, Inc.
ration. Cell 95, 993±1003.
Bonfanti, L., Martella, O., Mironov, A., and Luini, A. (1999). Compara-Electron Microscopy and Quantitative Evaluation
tive analysis of Procollagen I and VSV G transport in the same cell.of Serial Sections
Mol. Biol. Cell 10 (Supplement), 114a.Following experimental treatments (see Figure Legends), cells
grown in 10 cm plastic dishes were washed 2 times in PBS before Clackson, T., Yang, W., Rozamus, L.W., Hatada, M., Amara, J.F.,
fixation in 2% glutaraldehyde/PBS for 30 min at room temperature. Rollins, C.T., Stevenson, L.F., Magari, S.R., Wood, S.A., Courage,
The fixative was then removed and the cells washed 3 times with N.L., et al. (1998). Redesigning an FKBP-ligand interface to generate
PBS before being gently scraped from the dishes with a plastic cell chemical dimerizers with novel specificity. Proc. Natl. Acad. Sci.
scraper and pelleted by centrifugation in a microfuge (12,000 rpm USA 95, 10437±10442.
for 2 min). Cell pellets were infused with 2.3 M sucrose, frozen
Claude, A. (1970). Growth and differentiation of cytoplasmic mem-
in liquid nitrogen, and sectioned with a cryoultramicrotome. Thin
branes in the course of lipoprotein granule synthesis in the hepatic
sections were collected, immuno-gold labeled, stained, and ana-
cell. I. Elaboration of elements of the Golgi complex. J. Cell Biol.
lyzed as described (Orci et al., 1997). Antibody dilutions were as
47, 745±766.
follows: rabbit anti-hGH (Dako, 1:100), rabbit anti-clathrin (1:100; a
Clermont, Y., Xia, L., Rambourg, A., Turner, J.D., and Hermo, L.gift of Dr. S. Corvera, University of Massachusetts), rabbit anti-e-
(1993). Transport of casein submicelles and formation of secretionCOP (1:100). For conventional electron microscopy, the cells were
granules in the Golgi apparatus of epithelial cells of the lactatingprocessed as described (Orci et al., 1973).
mammary gland of the rat. Anat. Rec. 235, 363±373.Prior to Epon embedding of the cell pellets, membrane contrast
was raised by en bloc staining with tannic acid (Simionescu and Cormack, B.P., Valdivia, R.H., and Falkow, S. (1996). FACS-opti-
mized mutants of the green fluorescent protein (GFP). Gene 173,Simionescu, 1976) or uranyl acetate in dilute acetic acid (Tandler,
1990). Thin sections were further contrasted with standard uranyl 33±38.
Cell
348
Dahan, S., Ahluwalia, J.P., Wong, L., Posner, B.I., and Bergeron, morphological evidence for processive transport within the Golgi
stack. Proc. Natl. Acad. Sci. USA 95, 2279±2283.J.J. (1994). Concentration of intracellular hepatic apolipoprotein E
in Golgi apparatus saccular distensions and endosomes. J. Cell Orci, L., Amherdt, M., Ravazzola, M., Perrelet, A., and Rothman, J.E.
Biol. 127, 1859±1869. (2000). Exclusion of Golgi residents from transport vesicles budding
from Golgi cisternae in intact cells. J. Cell Biol., in press.Denault, J.B., and Leduc, R. (1996). Furin/PACE/SPC1: a convertase
involved in exocytic and endocytic processing of precursor proteins. Ostermann, J., Orci, L., Tani, K., Amherdt, M., Ravazzola, M., Elazar,
FEBS Lett. 379, 113±116. Z., and Rothman, J.E. (1993). Stepwise assembly of functionally
active transport vesicles. Cell 75, 1015±1025.Glick, B.S., and Malhotra, V. (1998). The curious status of the Golgi
apparatus. Cell 95, 883±889. Palade, G. (1975). Intracellular aspects of the process of protein
synthesis. Science 189, 347±358.Glick, B.S., Elston, T., and Oster, G. (1997). A cisternal maturation
mechanism can explain the asymmetry of the Golgi stack. FEBS Pelham, H.R. (1994). About turn for the COPs? Cell 79, 1125±1127.
Lett. 414, 177±181. Pelham, H.R. (1998). Getting through the Golgi complex. Trends Cell
Green, J., Griffiths, G., Louvard, D., Quinn, P., and Warren, G. (1981). Biol. 8, 45±49.
Passage of viral membrane proteins through the Golgi complex. J. Presley, J.F., Cole, N.B., Schroer, T.A., Hirschberg, K., Zaal, K.J.,
Mol. Biol. 152, 663±698. and Lippincott-Schwartz, J. (1997). ER-to-Golgi transport visualized
Griffiths, G., and Simons, K. (1986). The trans Golgi network: sorting in living cells. Nature 389, 81±85.
at the exit site of the Golgi complex. Science 234, 438±443. Quinn, P., Griffiths, G., and Warren, G. (1984). Density of newly
Griffiths, G., Fuller, S.D., Back, R., Hollinshead, M., Pfeiffer, S., and synthesized plasma membrane proteins in intracellular membranes
Simons, K. (1989). The dynamic nature of the Golgi complex. J. Cell II. Biochemical studies. J. Cell Biol. 98, 2142±2147.
Biol. 108, 277±297. Rabouille, C., Hui, N., Hunte, F., Kieckbusch, R., Berger, E.G., War-
Hara-Kuge, S., Kuge, O., Orci, L., Amherdt, M., Ravazzola, M., Wie- ren, G., and Nilsson, T. (1995). Mapping the distribution of Golgi
land, F.T., and Rothman, J.E. (1994). En bloc incorporation of coa- enzymes involved in the construction of complex oligosaccharides.
tomer subunits during the assembly of COP-coated vesicles. J. Cell J. Cell Sci. 108, 1617±1627.
Biol. 124, 883±892. Rivera, V.M., Wang, X., Wardwell, S., Courage, N.L., Volchuk, A.,
Hay, J.C., Chao, D.S., Kuo, C.S., and Scheller, R.H. (1997). Protein Keenan, T., Holt, D.A., Gilman, M., Orci, L., Cerasoli, F., et al. (2000).
interactions regulating vesicle transport between the endoplasmic Regulation of protein secretion through controlled aggregation in
reticulum and Golgi apparatus in mammalian cells. Cell 89, 149±158. the Endoplasmic Reticulum. Science 287, 826±830.
Hay, J.C., Klumperman, J., Oorschot, V., Steegmaier, M., Kuo, C.S., Rollins, C.T., Rivera, V.M, Woolfson, D.N., Keenan, T., Hatada, M.,
and Scheller, R.H. (1998). Localization, dynamics, and protein inter- Adams, S.E., Andrade, L.J., Yaeger, D., van Schravendijk, M.R.,
actions reveal distinct roles for ER and Golgi SNAREs. J. Cell Biol. Holt, D.A., et al. (2000). A ligand-reversible dimerization system for
141, 1489±1502. controlling protein-protein interactions. Proc. Natl. Acad. Sci. USA
97, 7096±7101.Holthuis, J.C., Nichols, B.J., Dhruvakumar, S., and Pelham, H.R.
(1998). Two syntaxin homologues in the TGN/endosomal system of Rothman, J.E., and Warren, G. (1994). Implications of the SNARE
yeast. EMBO J. 17, 113±126. hypothesis for intracellular membrane topology and dynamics. Curr.
Biol. 4, 220±233.Jamieson, J.D., and Palade, G.E. (1971). Synthesis, intracellular
transport, and discharge of secretory proteins in stimulated pancre- Rothman, J.E., and Wieland, F.T. (1996). Protein sorting by transport
atic exocrine cells. J. Cell Biol. 50, 135±158. vesicles. Science 272, 227±234.
Lanoix, J., Ouwendijk, J., Lin, C.C., Stark, A., Love, H.D., Ostermann, Saraste, J., and Kuismanen, E. (1984). Pre- and post-Golgi vacuoles
J., and Nilsson, T. (1999). GTP hydrolysis by arf-1 mediates sorting operate in the transport of Semliki Forest Virus membrane glycopro-
and concentration of Golgi resident enzymes into functional COPI teins to the cell surface. Cell 38, 535±549.
vesicles. EMBO J. 18, 4935±4948. Scales, S.J., Pepperkok, R., and Kreis, T.E. (1997). Visualization of
Leblond, C.P. (1989). Synthesis and secretion of collagen by cells ER-to-Golgi transport in living cells reveals a sequential mode of
of connective tissue, bone, and dentin. Anat. Rec. 224, 123±138. action for COPII and COPI. Cell 90, 1137±1148.
Letourneur, F., Gaynor, E.C., Hennecke, S., DeÂ mollieÁ re, C., Duden, Schreiber, S.L. (1991). Chemistry and biology of the immunophilins
R., Emr, S.D., Riezman, H., and Cosson, P. (1994). Coatomer is and their immunosuppressive ligands. Science 251, 283±287.
essential for retrieval of dilysine-tagged proteins to the endoplasmic Simionescu, N., and Simionescu, M. (1976). Galloylglucoses of low
reticulum. Cell 79, 1199±1207. molecular weight as mordant in electron microscopy. II. The moiety
Melkonian, M., Becker, B., and Becker, D. (1991). Scale formation and functional groups possibly involved in the mordanting effect.
in algae. J Electron Microsc. Tech. 17, 165±178. J. Cell Biol. 70, 622±633.
Orci, L., Like, A.A., Amherdt, M., Blondel, B., Kanazawa, Y., Marliss, Sogaard, M., Tani, K., Ye, R.R., Geromanos, S., Tempst, P., Kirch-
E.B., Lambert, A.E., Wollheim, C.B., and Renold, A.E. (1973). Mono- hausen, T., Rothman, J.E., and Soellner, T. (1994). A rab protein is
layer cell culture of neonatal rat pancreas: an ultrastructural and required for the assembly of SNARE complexes in the docking of
biochemical study of functioning endocrine cells. J Ultrastruct Res transport vesicles. Cell 78, 937±948.
43, 270±297. SoÈ nnichsen, B., Lowe, M., Levine, T., Jamsa, E., Dirac-Svejstrup,
Orci, L., Ravazzola, M., Amherdt, M., Louvard, D., and Perrelet, A. B., and Warren, G. (1998). A role for giantin in docking COPI vesicles
(1985). Clathrin-immunoreactive sites in the Golgi apparatus are to Golgi membranes. J. Cell Biol. 140, 1013±1021.
concentrated at the trans pole in polypeptide hormone-secreting Tandler, B. (1990). Improved uranyl acetate staining for electron
cells. Proc. Natl. Acad. Sci. USA 82, 5385±5389. microscopy. J Electron Microsc Tech 16, 81±82.
Orci, L., Glick, B.S., and Rothman, J.E. (1986). A new type of coated Waters, M.G., Clary, D.O., and Rothman, J.E. (1992). A novel 115-
vesicular carrier that appears not to contain clathrin: its possible kD peripheral membrane protein is required for intercisternal trans-
role in protein transport within the Golgi stack. Cell 46, 171±184. port in the Golgi stack. J. Cell Biol. 118, 1015±1026.
Orci, L., Malhotra, V., Amherdt, M., Serafini, T., and Rothman, J.E.
(1989). Dissection of a single round of vesicular transport: sequential
intermediates for intercisternal movement in the Golgi stack. Cell
56, 357±368.
Orci, L., Stamnes, M., Ravazzola, M., Amherdt, M., Perrelet, A., Soll-
ner, T.H., and Rothman, J.E. (1997). Bidirectional transport by dis-
tinct populations of COPI-coated vesicles. Cell 90, 335±349.
Orci, L., Perrelet, A., and Rothman, J.E. (1998). Vesicles on strings:
